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Abstract 
The exotic plant Parthenium hysterophorus is rapidly invading ecosystems in sub-Saharan Africa, with negative 
effects on the environment, economy and human and animal health. With the exception of some synthetic 
herbicides, none of the available management methods have been effective against P. hysterophorus, and carry 
risks to the environment. Therefore, additional management methods must be explored for an effective integrated 
approach. Despite the fact that bio-herbicides are considered cost-effective and eco-friendly in mitigating 
biological invasions, little work has been done to utilize them for controlling P. hysterophorus. We investigated 
allelopathic effects and, thus, bio-herbicide potential of naturalised Desmodium uncinatum leaf (DuL) crude 
extract in various concentrations to control P. hysterophorus. Our results revealed that DuL crude extract can 
suppress P. hysterophorus, particularly at higher concentrations. The 75% and 100% DuL crude extract 
concentrations reduced the total leaf chlorophyll content by 26% and 22% in pots and plots, respectively. Further, 
these higher concentrations inhibited P. hysterophorus seed germination by 73% in petri dishes, 60% in pots, and 
57% in plots, and negatively interfered with seedling growth vigour. Seedling stem heights under 75% and 100% 
DuL concentrations in pot and plot experiments was about 30% and 36% shorter than those sprayed with lower 
concentrations (< 70%) and the control, respectively. We show that naturalised plants with allelochemicals can 
be used as a management tool for controlling P. hysterophorus infestations in sub-Saharan Africa, particularly in 
Tanzania, and this method should become part of an integrated control toolkit being deployed in a community-
based approach.  
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Introduction   
Biological invasions occur when species are introduced into new habitats (Qasem and Foy 2001; Hejda et al. 
2009; Ngondya et al. 2016b; Ellison and Cock 2017; Pratt et al. 2017). Species introduction threatens biological 
conservation, ecosystems services, species diversity and food security (Ellison and Cock 2017; Pratt et al. 2017; 
Witt et al., 2018; Bajwa et al. 2019). Many invasive plant species including Parthenium hysterophorus are prolific 
in nature, and have rapid dispersal mechanisms, long seed dormancy, persistent seed banks, and capable of 
modifying their seeds to adapt in new habitats (Qasem and Foy 2001; Axmacher and Sang 2013; Adkins and 
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Shabbir 2014; Gioria et al. 2019). In addition, some invasives lack effective natural enemies in their exotic range 
due to anti-microbial or anti-herbivory properties (Hinz and Schwarzlaender 2004; Cappuccino and Carpenter 
2005). Further, most invasives use allelopathy to inhibit growth of adjacent native plants (Callaway et al. 2008), 
and develop monospecific patches (Christina et al. 2015). Allelopathy is an effect of one plant species on seeds 
germination, growth, and development of another adjacent plants by the release of allelochemicals into the 
environment (Callaway et al. 2008). Thus, heavy infestations of invasive plants can cause changes in ecosystem 
structure and function (Cappuccino and Carpenter 2005; Adhikari et al. 2015) and subsequently biological and 
economic losses (Callaway et al. 2008; Bajwa et al. 2019). While suppressing of invasives is often attempted, 
many approaches have been unsuccessful (Shabbir et al. 2013; Kaur et al. 2014), damaging to the rest of the 
environment (Ngondya et al. 2016a) and highly expensive (Mcconnachie et al., 2011; Pratt et al., 2017).   
 
Parthenium hysterophorus L. (Asteraceae) is an annual herb originating from North and South America (Kaur et 
al. 2014; Shrestha et al. 2015; Ojija et al. 2019). In sub-Saharan Africa, P. hysterophorus has invaded many 
habitats, both in natural and semi-natural ecosystems (Dhileepan 2012; Shabbir et al. 2013; Clark and Lotter 
2011). Its allelochemicals are toxic to most native plants, strongly changing habitat vegetation structure where it 
has established (Kija et al. 2013; Brunel et al. 2014; Shrestha et al. 2015; Wabuyele et al. 2015). Its Parthenin-
sesquiterpene lactones are also toxic to mammals, causing haemorrhage in internal organs of animals due to tissue 
damage (Kaur et al. 2014). In Tanzania, P. hysterophorus has had ecologically (Ojija et al. 2019) and economically 
negative effects on livelihoods and natural ecosystems because it interferes with the human welfare, production 
of fodder and crops (Mcconnachie et al., 2011; Witt et al., 2018). Therefore, its management is vital to ensure 
ecological integrity of rangelands and protected areas. Biological control is recognised by the Global Invasive 
Species Programme as ecologically-friendly and sustainable management approach for invasive alien plants 
compared to synthetic herbicides (Ellison and Cock 2017). While trials of biological control of P. hysterophorus 
using the leaf eating beetle Zygogramma bicolorata at the Tropical Pesticide Research Institute (TPRI) are 
underway in Tanzania, other management methods are required for an integrated approach because a single 
method per se cannot suppress this invasive species (Shabbir et al. 2013; Kaur et al. 2014).   
 
Often, synthetic herbicides have been asserted as the only solution, even although they cause damage to the 
environment and human health (Hinz and Schwarzlaender 2004; Shabbir et al. 2013; Adkins and Shabbir 2014). 
Synthetic herbicides are often broad-spectrum and would thus have deleterious non-target effects on native, 
threatened or ecologically valuable plant species (Ngondya et al. 2016b; Ellison and Cock 2017). They can have 
lethal or sub-lethal impacts on beneficial invertebrates such as insect natural enemies, pollinators (Balbuena et al. 
2015), and decomposers, as well as soil macrobes and microbes, which play a vital role in nutrient cycling 
(Frimpong et al. 2018). Also, persistent application of herbicides may change soil and water physical-chemical 
properties (Qasem and Foy 2001; Yu et al. 2018). Because of this, their application is not recommended in natural 
and semi-natural habitats such as pastures, protected areas and wetlands (Ngondya et al. 2016b; Ellison and Cock 
2017). Previous studies have shown that bio-herbicide potential of native or naturalised plants can be used to 
suppress germination, growth and development of invasive species  (Zhao et al. 2008; Ngondya et al. 2016a, b; 
Ming Chen and Lin Peng 2018). The natives or naturalised are preferred over invasive plants because the former 
have co-evolved with the allelochemicals of the wider ecological community (Zhao et al. 2008), and their non-
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target impacts are likely to be less severe compared to allelopathic traits of invasive species. Conversely, because 
exotic invasive plants have not co-evolved with native species, they could release allelochemicals which suppress 
the growth of natives (Christina et al. 2015). Thus, if the allelopathic traits of certain invasive are used to control 
other invasive plants, it might kill adjacent native plants and be deleterious to the wider flora (Zhao et al. 2008; 
Christina et al. 2015; Ming Chen and Lin Peng 2018).  
To our knowledge, no previous studies have, yet, investigated naturalised plant bio-herbicidal potentials to 
suppress P. hysterophorus in Tanzania, albeit bio-herbicide extracts from naturalised plant D. uncinatum might 
be a potential ecological-friendly management option. Our study, therefore, is a catalyst to progress the utilisation 
of allelopathic traits of naturalised plants to fight against P. hysterophorus. We investigated the allelopathic effect 
of naturalised plant Desmodium uncinatum (Fabaceae) leaf crude extract (DuL) in suppressing seed germination 
and seedling growth of P. hysterophorus. We chose D. uncinatum because its bio-herbicide potential was 
previously documented to suppress growth and germination of the invasive species Tagetes minuta (Ngondya et 
al. 2016a) and Gutenbergia cordifolia (Ngondya et al. 2016b) in Tanzania, and Striga hermonthica in Kenya 
(Guchu et al. 2007; Hooper et al. 2010). We used lab, pot and field plot experiments to quantify the effect of 
different DuL crude extract concentrations on seed germination and seedling growth of P. hysterophorus. We 
predicted that DuL crude extract will negatively affect germination, seedling height, biomass and chlorophyll 
content of P. hysterophorus as observed for other invasive plants in Tanzania (Ngondya et al. 2016a, b).    
 
Materials and methods 
Desmodium uncinatum leaf crude extract  
Fresh leaves of D. uncinatum, were collected from individuals across five villages (Nkwaranga, Ngiresi, Sokoni 
one, Sura, and Urisho) in Meru district of Arusha region, between June and August 2018. During this time period 
the plants were abundant, and weather conditions were suitable (i.e. little rainfall) for collecting leaf samples. The 
leaves were collected early in the morning before sunrise to avoid possible degradation of any non-photostable 
allelochemicals. About 10 to 20 leaves were collected randomly from different individual plants of different ages 
occurring on non-agriculture areas, and free from pesticide contamination (Isman and Grieneisen 2014). Voucher 
specimens were taken to the National Herbarium of Tanzania (NHT) at TPRI for identification and retained there 
for future taxonomic validation. The leaves were air dried for about 30 days under room temperature in shade (or 
indoors) to prevent ultraviolet (UV) light from degrading some compounds. Dried leaves were ground into fine 
powder and stored in porous paper envelopes. Preparation of DuL crude extract concentrations followed 
procedures described by Ngondya et al. (2016a,b), whereby 100 g powder was soaked in 1 l of distilled water to 
form crude extract (10 w/v). Crude extract was stored in a 4 l plastic container for 72 h in a dark room. The extract 
was filtered using Muslin cloth and filtrates were diluted with distilled water to obtain different aqueous 
concentrations of DuL (100 ml each) termed 0 g/l (0 %), 0.025 g/l (25 %), 0.05 g/l (50 %), 0.75 g/l (75 %), and 
0.1 g/l (100 %) relative to the original extract (i.e. the 25% concentration was actually equal to a 2.5 w/v extract 
suspension, etc.) (Ngondya et al. 2016a,b).   
Seed germination experiment  
Parthenium hysterophorus seeds were obtained from the Agricultural Division at TPRI. To investigate the 
allelopathic effect of DuL crude extract on P. hysterophorus seed germination, experiments were conducted at the 
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Nelson Mandela African Institution of Science and Technology (NM-AIST), Tengeru campus (3º 24.149′ S and 
36º 47.790′ E, 1197 m a.s.l), in the lab (for petri dishes), and field (for pots and plots). Five glass petri dishes (each 
of 70.8 cm2 surface area), five plastic pots (763.8 cm2 surface area), and five field plots (1 m2) per treatment were 
used, and then replicated five times. Petri dishes lined with absorbent cotton wool were rinsed with distilled water 
before 25 seeds of P. hysterophorus were sown in each dish. The same number of seeds were sown in pots and 
plots. Respectively, each petri dish, pot, and plot was moistened with 10ml, 50ml, and 450ml of the different DuL 
concentration treatments 0 g/l (0 %), 0.025 g/l (25 %), 0.05 g/l (50 %), 0.75 g/l (75 %), and 0.1 g/l (100 %). While 
petri dishes were moistened only once, pots and plots were moistened once every day for entire experimental 
period. Plots were equally spaced 0.5 m apart. The position of petri dishes and pots was randomised weekly 
throughout the experiment in order to ensure equal distribution of sunlight and ensure more consistent coverage 
of water. The number of seeds that germinated (sensu Ngondya et al. 2016a,b) were recorded daily for 20 days, 
and the percentage of seeds germinated was calculated. Germination inhibition percentage (IP) of treatments over 
the control germination were also calculated (i). 
IP = (
Germinated seeds in extracts − Germinated seeds in control
Germinated seeds in control
) ∗ 100 … … … … . . 𝑖 
Seedling growth experiment 
Twenty-five field plots of 1 m2 were planted with 40 seeds each. At the same time, the same number of seeds was 
planted in each 25 pots using soil from the field plots. Plots/pots were watered thoroughly at the time of sowing 
(i.e. 0.5 l and 4 l per pot and plot, respectively). Following a week of germination, plots/pots were irrigated twice 
per week. Seedlings were thinned to three per pot to prevent overcrowding. 20-day-old seedlings in each pot and 
plot were sprayed with 50ml and 100ml of the different DuL crude extract concentrations (i.e. 0 g/l (0 %), 0.025 
g/l (25 %), 0.05 g/l (50 %), 0.75 g/l (75 %), and 0.1 g/l (100 %)) once every day for 25 days (2 August to 19 
September 2018) using a hand sprayer, respectively. The allelopathic effects of DuL crude extract on seedling 
growth at different concentrations were investigated by measuring stem heights, stem diameters, root lengths, 
biomass, and total leaf chlorophyll content (Chl). At the end of the experiments, ten P. hysterophorus seedlings 
(64 days old) per treatment were randomly harvested from each plot and three from each pot without destroying 
the roots. Growth parameters i.e., stem or shoot height, stem diameter, root length, aboveground fresh biomass 
(AFB), aboveground dry biomass (ADB), belowground fresh biomass (BFB), and belowground dry biomass 
(BDB) were measured. In order to determine AFB, ADB, BFB, and BDB, the seedlings were washed to remove 
dirt and separated into above- and below ground biomass components as an index of productivity (Ammondt and 
Litton 2012). Each biomass component in separate paper bags was dried in an oven at 70ºC for 12 h. Stem height 
and root length were measured using a meter ruler, biomass with an analytical balance. The stem diameter was 
measured above the first two leaves of the seedlings with digital callipers.  
Measurement of leaf chlorophyll content 
We randomly selected five leaves from ten seedlings per plot and three seedlings per pot after 25 days of spraying 
with different concentrations of DuL crude extract and control. Total Chl content of P. hysterophorus seedlings 
in field plots/pots was extracted (Hiscox and Israelstam 1979), analysed and used as index of plant health in 
response to DuL treatments. The total Chl content was extracted, whereby 70 mg of young fresh leaves was 
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immersed in 6 ml of dimethyl sulfoxide (DMSO) without grinding, and incubated at 65°C for 12 h. The extract 
was transferred to a test tube and made up to a total volume of 10 ml with DMSO, thereafter, transferred to vials 
for storage (0-4ºC) waiting for analysis. A 3 ml chlorophyll extract of P. hysterophorus was transferred into glass 
cuvettes to determine absorbance or optical density (OD) of the sample. The OD of blank liquid (DMSO) and 
samples was determined under 2800 UV/VIS spectrophotometer (UNICO®) at 663 nm and 645 nm (Hiscox and 
Israelstam 1979). The absorbance of the blank was deducted from the absorbance readings of every sample prior 
to calculations being made. DuL chlorophyll contents were calculated using the equation (ii), where A663 and 
A645 are absorbance readings at 663 nm and 645 nm, respectively (Hiscox and Israelstam 1979; Ngondya et al. 
2016a, b).  
𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙 = 0.0202𝐴663 + 0.00802𝐴645 … … … … … … 𝑖𝑖 
Statistical data analysis 
Comparisons of P. hysterophorus seedling germination, and growth parameters (stem height, stem diameter, root 
length, AFB, ADB, BFB, BDB, and Chl) were compared for different concentrations of DuL crude extract using 
a one-way ANOVA. We verified normality and homogeneity of variance using Shapiro-Wilk test and Levene’s 
test respectively. Significant differences were further compared using the post-hoc Fisher LSD test. The statistical 
software used for all tests was Origin (2013) version 9.0 SR1 at a significance level of 5%. 
Results 
Seed germination under treatments 
The germination of P. hysterophorus seeds was delayed at higher concentrations (> 70%) of DuL crude extract 
compared to lower concentrations (Fig 1a-c). Under 25% DuL concentrations and in the control treatment, 
seedlings had emerged at day 3 (Fig 1a-c). Under 100% DuL concentrations, P. hysterophorus seed germination 
was suppressed by 73% in petri dishes (F(4, 20) = 13.88, P < 0.0001), 60% in pots (F(4, 20) = 17.82, P < 0.0001), and 
57% in plots (F(4, 20) = 18.73, P < 0.0001) (Table 1). In general, the seed germination inhibition increased with 
increasing DuL crude extract concentration treatment (Table 1).     
Table 1 Mean (±SE) germination percentage and germination inhibition percentage of P. hysterophorus seeds 
under different concentrations of Desmodium uncinatum (DuL) crude extract over a 20 days experiment in petri 
dishes, pots, and field plots. Values with different letter (s) in a row are significantly different by Fisher LSD at P 
= 0.05.            
 Fig.1 Number of Parthenium hysterophorus seeds that germinated under different concentration treatments (i.e. 
0%, 25%, 50%, 75%, 100%) of Desmodium uncinatum leaf crude extract in petri dishes (a), pots (b), and plots (c) 
over the experimental period of 20 days.  Desmodium uncinatum leaf crude extract delayed P. hysterophorus seed 
germination at higher concentrations  
Seedling growth parameters under treatments 
Stem height of P. hysterophorus seedlings sprayed with DuL concentrations differed significantly in both plot and 
pot experiments (F(4, 20) = 11.21, P = 0.0001, and F(4, 20) = 16.87, P < 0.0001 respectively, Fig 2a). Mean (± SE) 
stem height of seedlings sprayed with 75% and 100% concentrations of DuL crude extract in the plot experiment 
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(21 ± 0.2 cm and 20.3 ± 0.5 cm respectively, Fig 2a) was about 36% shorter than those sprayed with lower 
concentrations (< 70%) and control. In the pot experiment, stem height in 75% and 100% treatments (Mean ± SE: 
11.3 ± 0.4 cm, 75%; and 12.1 ± 0.5 cm, 100%, respectively, Fig 2a) was approximately 30% shorter than that 
sprayed with lower DuL concentrations (i.e. <50%). The root length of P. hysterophorus seedlings sprayed with 
DuL crude extract concentrations differed significantly in both plot and pot experiments (F(4, 20) = 27.80, P < 
0.0001, and F(4, 20) = 3.83, P = 0.0181 respectively, Fig 2b). The root length of seedlings in 50%, 75%, and 100% 
concentrations of DuL in plot experiment were about 45% shorter than those sprayed with 25% of DuL 
concentration and control (Fig 2b). In pot experiments, the root length was about 51% shorter in plants sprayed 
with 75% or higher concentrations than those sprayed with 25% and 50% concentrations (Mean ± SE: 7.7 ± 0.6 
cm, 75%; and 8.8 ± 0.6 cm, 100%, Fig 2b).  
The stem diameter of P. hysterophorus seedlings differed significantly under different DuL concentrations in both 
plot and pot experiments (F(4, 20) = 3.19, P = 0.0351, and F(4, 20) = 12.26, P < 0.0001 respectively, Fig 2c). The 
diameter of seedlings sprayed with 50%, 75%, and 100% concentrations of DuL in plot experiments was slightly 
smaller than those sprayed with 25% concentration of DuL (Fig 2c). In the pot experiments the stem diameter was 
approximately 31% smaller than those sprayed with 25% and 50% concentrations (Mean ± SE: 2.4 ± 0.1 mm, 
75%, and 2.2 ± 0.2 mm, 100%, Fig 2c).    
Fig.2 Stem height (a), root length (b), and stem diameter (d) of Parthenium hysterophorus seedlings treated with 
Desmodium uncinatum leaf crude extract for 25 days in field plots (left panels) and pots (right panels) experiments 
under different concentration. Boxplots show the mean (a square within boxes) and ranges from 25% and 75% 
quartile, and the tips of the whiskers indicate standard deviation. Boxes with different letter(s) are significantly 
different by Fisher LSD at P = 0.05. 
Average above ground fresh biomass (AFB) of P. hysterophorus seedlings differed significantly with DuL crude 
extract concentrations in both field plot (F(4, 20) = 3.31, P = 0.031) and pot (F(4, 20) = 16.16, P < 0.0001) experiments 
(Fig 3).  Also, the below ground fresh biomass (BFB) in field plots and pots experiments was significantly 
different between treatments (F(4, 20) = 51.85, P = 0.031, and F(4, 20) = 15.95, P < 0.0001 respectively, Fig 3). In 
both plot and pot experiments, the seedlings sprayed with 100% concentration of DuL crude extract were observed 
to have lower AFB and BFB. Respectively, the AFB in plots and pots (Mean ± SE: 110.1 ± 6.1 g, plots, and 10.7 
± 0.9 g, pots) was about 33% and 30% smaller than AFB in lower concentrations. Similarly, the BFB (Mean ± 
SE: 6.2 ± 0.3 g, plots, and 2.1 ± 0.3 g, pots) was about 60% and 78% smaller than BFB in lower concentrations 
in plots and pots experiments respectively (Fig 3).   
Fig.3 Above and below ground fresh biomass (AFB and BFB respectively) of Parthenium hysterophorus 
seedlings sprayed with Desmodium uncinatum leaf crude extract for 25 days in field plots (left panels) and pots 
(right panels) experiments under different concentration. Boxplots show the mean (a square within boxes) and 
ranges from 25% and 75% quartile, and the tips of the whiskers indicate standard deviation. Boxes with different 
letter(s) are significantly different by Fisher LSD at P = 0.05. 
Average above ground dry biomass (ADB) of P. hysterophorus seedlings differed significantly under DuL crude 
extract concentrations in both field plots (F(4, 20) = 6.30, P = 0.0019) and pots (F(4, 20) = 42.39, P < 0.0001) (Fig 4).  
Similarly, below ground dry biomass (BDB) in field plots and pots experiments was significant different (F(4, 20) 
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= 5.14, P = 0.0052, and F(4, 20) = 13.19, P < 0.0001 respectively, Fig 4). The seedlings sprayed with 100% 
concentration of DuL crude extract were observed to have lower ADB and BDB in both experiments. 
Respectively, the ADB in plots and pots (Mean ± SE: 10.1 ± 0.8 g, plots, and 2.1± 0.1 g, pots) was 41% and 50% 
smaller than the ADB in lower concentrations. The BDB of seedling under high DuL concentration treatments in 
pots (Mean ± SE: 0.7 ± 0.5 g) was about 67% smaller than that in lower concentration (Fig 4). With 75% and 
100% DuL concentrations, the BDB in plots was considerably reduced (i.e. > 75%) compared to BDB in lower 
concentrations (Mean ± SE: 0.7 ± 0.0 g, Fig 4).   
Fig.4 Above and below ground dry biomass (ADB and BDB respectively) of Parthenium hysterophorus seedlings 
sprayed with Desmodium uncinatum leaf crude extract for 25 days in field plots (left panels) and pots (right panels) 
experiments under different concentration. Boxplots show the mean (a square within boxes) and ranges from 25% 
and 75% quartile, and the tips of the whiskers indicate standard deviation. Boxes with different letter(s) are 
significantly different by Fisher LSD at P = 0.05 
Total chlorophyll content  
Total leaf chlorophyll content (Chl) of P. hysterophorus seedlings differed significantly between concentrations 
of DuL crude extract in both plots and pots experiments (F(4, 20) = 54.96, P < 0.0001, and F(4, 20) = 6.86, P = 0.0012, 
respectively, Fig 5). Seedlings sprayed with higher DuL concentrations (75% and 100%) had lower total Chl 
content (i.e. < 22% and 26% in plots and pots respectively) than those sprayed with lower concentrations (Fig 5).   
Fig.5 Total leaf chlorophyll content of Parthenium hysterophorus seedling sprayed with Desmodium uncinatum 
leaf crude extract for 25 days in pots (a) and field plots (b) experiments under different concentration. Boxplots 
show the mean (a square within boxes) and ranges from 25% and 75% quartile, and the tips of the whiskers 
indicate standard deviation. Boxes with different letter(s) are significantly different by Fisher LSD at P = 0.05 
Discussion 
Our study revealed that crude leaf extract of naturalised plant D. uncinatum can suppress P. hysterophorus at 
various phenological stages, i.e., both seedling germination and growth, particularly under high concentrations of 
75% and above. Efficient of D. uncinatum extract at high concentration agrees with studies claiming that the 
effectiveness of bio-herbicide is dose dependent (Khaliq et al. 2011; Ngondya et al. 2016b). Interaction of natives 
with alien invasive plants is affected by their non co-evolutionary background (Christina et al. 2015). Based on 
the ‘novel weapon’ hypothesis, most native species are not adapted to the biochemical traits of invasive species 
(Callaway et al. 2008). The flipside of the ‘novel weapon’ hypothesis or ‘homeland security’ hypothesis is that 
within the invasive range, the plant chemistry of native or naturalized plants (e.g. D. uncinatum) may be able to 
suppress the growth of invasive species in turn (Cummings et al. 2012). Since D. uncinatum and P. hysterophorus 
have not co-evolved, the latter may be poorly adapted to the bio-herbicide potential of the former species 
(Christina et al. 2015). Findings of our study support this ‘homeland security’ hypothesis and showed that D. 
uncinatum bio-herbicidal exerts resistance against the P. hysterophorus invasion process due to its 
allelochemicals.  
Our results showed that high concentrations of D. uncinatum leaf extract delayed P. hysterophorus seed 
germination. This reveals the potential to interfere early in the germination stage of P. hysterophorus and suppress 
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its seeds in the soil, preventing further invasions. In addition, the growth parameters and total leaf chlorophyll 
content of P. hysterophorus seedlings were suppressed slightly under low concentrations but more strongly under 
high concentration treatments, which agrees with findings by  Khaliq et al. (2011), Cipollini and Flint (2013), and 
Ngondya et al. (2016a). This was likely due to D. uncinatum leaf extract, which has active bio-herbicidal 
properties as previously reported in other studies (Guchu et al. 2007; Khan et al. 2008; Hooper et al. 2010; 
Ngondya et al. 2016a, b). Hooper et al. (2010) and Pickett et al. (2013) reported that the genus Desmodium can 
suppress parasitic weeds such as Striga hermonthica through allelopathy when intercropped with cereals like 
sorghum, maize and millet. Allelochemicals of D. uncinatum root extract effective against the development of S. 
hermonthica include isoschaftoside, a C-glycosylflavonoid (Hooper et al. 2010), and uncinanone (4",5"-dihydro-
2‘-methoxy-5,4‘-dihydroxy-5"-isopropenylfurano-(2",3";7,6)-isoflavanone) (Tsanuo et al. 2003; Guchu et al. 
2007). These may also be present in leaf extract and responsible for inhibition of germination and growth of P. 
hysterophorus in our study, which can help to control the spread of P. hysterophorus. Nevertheless, further 
chemical identification of specific allopathic compounds present in leaf exudate is essential to understand its 
effectiveness. 
In our study, Desmodium uncinatum crude leaf extract had the ability to weaken P. hysterophorus seedlings’ 
growth. However, P. hysterophorus, like many invasive plants, probably cannot be eradicated using one method 
per se, and necessitates an integrated management approach (Shabbir et al. 2013; Shrestha et al. 2015; Terblanche 
et al. 2016). As P. hysterophorus can regrow from broken or cut parts and can become resistant to any chemical 
control method, Adkins and Shabbir (2014) and Nyasembe et al. (2015) suggested that traditional weeding and 
chemical approaches need to be combined with a wider strategy. For example, P. hysterophorus management 
using the D. uncinatum bio-herbicide could be complemented with biological control agents such as Mexican 
beetle Zygogramma bicolorata (Shabbir et al. 2013), metabolites of fungal species (Javaid 2010), or bio-
herbicides from other native or naturalised allelopathic plants (Javaid 2010; Tanveer et al. 2015). In addition, P. 
hysterophorus might be suppressed by seeding competitive suppressive plants and by uprooting and burning of 
P. hysterophorus seedlings before they flower or release seeds (Shabbir et al. 2013). These measures are only 
possible with an involvement of local communities to reach long-term sustainability. Similarly, there is a need for 
a coordinated, national strategy for controlling invasive species linking all management approaches to achieve 
effective and sustainable control of P. hysterophorus (Terblanche et al. 2016). Moreover, timely detection and 
control (i.e. using bio-herbicides) of P. hysterophorus before it invades other habitats are essential for preventing 
its spreads (Crall et al. 2013; Maistrello et al. 2016) and reducing management cost (Crall et al. 2013).   
Therefore, naturalised D. uncinatum bio-herbicide can be utilized in sub-Saharan Africa to control invasive plants 
threatening natural and agricultural ecosystems, biodiversity management, and livelihood of smallholders. 
However, further field studies must be conducted to verify the safety of D. uncinatum leaf crude extract for other 
native plant and animal species (i.e. to avoid suppressing native plants or macro-and-micro invertebrates) before 
implementation. Similarly, research should be conducted to identify chemical components of natural products, in 
particular the active components of D. uncinatum, which are suitable for large scale, low-impact deployment in 
P. hysterophorus control. We also, recommend that for an effective control of P. hysterophorus integrated control 
approaches are imperative, for example, D. uncinatum leaf bio-herbicides could be complemented with existing 
management methods. In addition to deploying control measures via a community approach, awareness of the 
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effects and dispersal mechanisms of P. hysterophorus should be raised to local communities so that to prevent 
new invasions in other habitats. 
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